Introduction {#s1}
============

Adolescence is a "stormy" developmental period that is linked with emotional instability, risky behaviors, and affective disturbances (Spear, [@B67]; Ernst et al., [@B25]; Dahl and Gunnar, [@B18]; Somerville et al., [@B64]). It has been indicated that the development of the brains\' function of processing emotional stimuli lasts into 18 years old, or even to young adulthood (Levin et al., [@B41]). Considerable research indicates that the higher order function of prefrontal cortex, such as self-regulation, is sensitive to changes of age through adolescence to young adulthood (Luna et al., [@B46]; Somerville et al., [@B64]), and that prefrontal modulation of subcortical inputs is still immature during adolescence (Lewis et al., [@B42]; Hare et al., [@B31]). It was suggested that the immature orbital and medial prefrontal cortices are implicated in aggression and socially inappropriate behaviors in adolescents (Lewis et al., [@B42]; Carretié et al., [@B8]).

In addition, many studies using behavioral and neuroimaging measures unraveled differences between adolescents and adults during processing emotional facial expressions (Monk et al., [@B50]; Yurgelun-Todd and Killgore, [@B83]; Hare et al., [@B31]; Passarotti et al., [@B53]), a sort of emotional materials considered to elicit more of emotion recognition (Wild et al., [@B75]; Britton et al., [@B5]; Proverbio et al., [@B56]). For example, Yurgelun-Todd and Killgore ([@B83]) reported that age was positively correlated with greater prefrontal cortex activation during perception of fearful faces. Using fMRI technique and an emotional go/no-go paradigm, Hare et al. ([@B31]) observed slower behavioral response and less prefrontal relative to amygdala activity to fearful target faces in adolescents than in adults, suggesting that top-down cognitive processes are susceptible to affective interference in adolescents. More recently, Passarotti et al. ([@B53]) compared neural bases between adolescents and adults during facial emotion processing. Adolescents, compared with adults, showed less activation in right ventrolateral prefrontal cortex and greater activation in paralimbic regions, suggesting that adolescents are more emotionally reactive relative to adults, as a result of immature prefrontal regulation of subcortical inputs. Furthermore, there was converging evidence showing that adolescents are less accurate in identifying fearful facial expressions than adults (Baird et al., [@B2]; Thomas et al., [@B70]; Yurgelun-Todd and Killgore, [@B83]). All these results suggest that the neural circuits and function for emotion processing are still immature during adolescence (Luna et al., [@B46]; Passarotti et al., [@B53]; Wong et al., [@B76]).

The human brain is equipped with an emotional negativity bias which prioritizes the processing of negative over other stimuli due to their significant adaptive values (Cacioppo and Berntson, [@B6]; Carretié et al., [@B12]; Holmes et al., [@B33]; Vaish et al., [@B72]). This bias exists stably in adults, regardless of whether the stimuli are emotionally evocative scenes (Ito et al., [@B37]; Huang and Luo, [@B35]; Yuan et al., [@B82]), or emotional human faces (Britton et al., [@B5]; Proverbio et al., [@B56]). Nevertheless, it is still unknown whether adolescents share this sensitivity, and what different features they may have compared to adults in response to emotionally negative scenes. Though the limbic regions of adolescents are more reactive to emotional facial expressions than those of adults, emotional facial expressions are known to induce more of facial expression recognition rather than direct emotional reaction (Wild et al., [@B75]; Li et al., [@B43]; Proverbio et al., [@B56]). It has yet to be determined whether adolescents are more susceptible to emotionally unpleasant scenes relative to adults, a sort of emotional materials thought to induce more direct emotional responding (Britton et al., [@B5]; Li et al., [@B43]). In particular, the emotional intensity of unpleasant scenes is important, as highly negative scenes elicit greater emotional responding (Yuan et al., [@B82]; Meng et al., [@B49]), and influence cognitive functions to a greater extent compared to mildly negative scenes (Yuan et al., [@B79]). To date, it is also unclear how adolescents respond to unpleasant scenes of diverse emotion intensities, and how this emotional response varies between adolescents and adults.

Moreover, if adolescents and adults are different in susceptibility to negative scenes, this difference is not just likely to be manifested by response magnitude differences across age groups, but is also likely to be embodied by the differences in the threshold of eliciting emotional reaction to negative scenes. In this regard, it is necessary to manipulate the emotion intensity of negative pictures as highly negative (HN) and mildly negative (MN), respectively. The purpose of this manipulation is to detect the threshold differences between adolescents and adults in reaction to negative stimuli. This manipulation provides important supplementary information to the comparison of emotion-related age differences. For example, if adolescent brains are more sensitive to negative stimuli than adults, it is possible to observe emotional reactivity at a lower threshold of negative stimulation in adolescents relative to adults, in addition to the traditional methods of testing group differences in the magnitude of emotional reaction or in the speed of eliciting emotional effects. Furthermore, to better understand the age differences in sensitivity to negative scenes, it is necessary to examine timing differences in producing significant emotional effects across groups, for example, to examine whether adolescents are sooner, or later than adults in displaying emotional reactions to negative pictures. The answer to this question entails the use of a technique with high temporal resolution, such as Event-Related Potentials (ERP).

Therefore, using ERP technique, the present study investigated the differences between adolescents and adults in brain susceptibility to emotionally negative scenes, by manipulating the emotion intensity of negative scenes to be HN or MN. We used emotionally evocative scenes, instead of facial expressions, to elicit direct emotional reaction (Britton et al., [@B5]) instead of emotion recognition (Herba and Phillips, [@B32]). On the other hand, in life settings, emotional responding often occurs unpredictably and is triggered by sudden stimulations during non-emotional situations, such as accidental words from other people offend us in a conversation, as is often the case in social interaction (Yuan et al., [@B82]). Thus, an experimental design that does not require subjects to evaluate emotion may allow emotional responses in the laboratory setting to more closely resemble those in natural situations. Accordingly, the present study used an emotion-irrelevant distracting task which required subjects to make a non-emotional standard/deviant distinction by pressing two response keys, irrespective of the emotionality of deviant stimuli. Rather than requiring a single response for the deviants, we designed two responses to mask the true purpose of the experiment, so as to avoid a "relevance-for-task" effect that was repeatedly reported to obscure the effect of emotion on ERPs (Carretié et al., [@B12]). Moreover, the pictures used to elicit emotional responses in the current study were taken from the Chinese Affective Picture System (CAPS; Bai et al., [@B1]), because a cultural bias for the International Affective Picture System (IAPS) has been reported in Chinese subjects (Huang and Luo, [@B34]). As adolescents are known for immature prefrontal function of regulating subcortical inputs compared to adults, we hypothesized that adolescents may be more reactive to unpleasant pictures than adults. This may be manifested by the adolescents showing a larger emotional effect relative to adults across different processing stages, or by the significant emotion effect occurring at earlier time points in adolescents compared to adults.

Prior studies using covert tasks reported emotion effects in the early frontal N1 and P2 (Eimer et al., [@B24]; Holmes et al., [@B33]; Yuan et al., [@B82]; Wang et al., [@B74]), the frontal-central N2 (Yuan et al., [@B82]; Li et al., [@B43]), and the late parietal P3 components (Ito et al., [@B37]; Delplanque et al., [@B21]; Huang and Luo, [@B35]). It has been reported that N1 amplitudes were significantly different for fearful and neutral faces (Holmes et al., [@B33]; Rotshtein et al., [@B58]), while frontal P2 was more negative for both beautiful (Wang et al., [@B74]) and aversive pictures (Yuan et al., [@B82]; Meng et al., [@B49]) relative to neutral pictures. These early components may show enhanced emotion effect for negative stimuli in adolescents compared to adults. Additionally, a frontal-central N2, which is thought an initial index of conscious processing (Daffner et al., [@B16]), reflects enhanced attention orienting to infrequent stimuli (Halgren and Marinkovic, [@B29]; Daffner et al., [@B16]). This component was most pronounced when aversive pictures served as deviant stimuli (Yuan et al., [@B82]; Li et al., [@B43]), and this component has a temporal-occipital counterpart, Early Posterior Negativity that is also sensitive to emotion (EPN; Eimer et al., [@B24]; Schacht and Sommer, [@B60]; Yang et al., [@B77]). These attentional indexes may also reflect enhanced brain susceptibility of adolescents relative to adults. Furthermore, parietal P3 represents late conscious, cognitive processing of emotional stimuli, with access to controlled processing resources (Ito et al., [@B37]; Huang and Luo, [@B35]; Yuan et al., [@B82]). Because adolescents are linked with less effective frontal regulation of emotional inputs than adults, it is also likely to observe larger emotion effect in P3 amplitudes or latencies in adolescents than in adults.

Materials and methods {#s2}
=====================

Participants
------------

As paid volunteers, 20 adolescents aged in 13--14 years (10 boys, *M* = 13.70, *S.E*. = 0.11) and 20 adults aged 20--22 years (10 men, *M* = 20.75 years, *S.E*. = 0.47) were included in this study. All the subjects were free of brain illness history, psychiatric disorders, or medications. In addition, both samples were right-handed, with normal or corrected to normal eyesight. Also, the subjects recruited for this study were emotionally healthy, free of anxious/depressive disturbances. Adolescents and their guardians were debriefed with respect to the emotional stability of the adolescents in the past 2 weeks, by reporting whether they had the following symptoms by a yes/no fashion: irritable, uneasy, anxious, and depression. Adolescents and their guardians who reported no these symptoms were recruited for the ERP experiment. Adult subjects were screened for emotional instability by NEO-FFI-neuroticism assessment, and they scored significantly below the threshold (0) of neuroticism (*M* = −26.45; *S.E*. = 4.2; *p* \< 0.001). Adolescents were tested with the Pubertal Development Scale (PDS, Wave 3; Petersen et al., [@B54]; Earls et al., [@B22]). The pubertal status of adolescents recruited for this study was determined by the following three criteria: (1), the scoring in each item of the PDS measure ranged from 2 to 4; (2), nobody reported completion of physical development (total score \< 20); and (3), girls reported menarche and obvious breast growth, and boys reported deepening of voice and obvious facial hair growth (equivalent to Tanner Stage 3--4). Each adolescent had prominent features of human puberty, according to their scores in the puberty assessment (*M* ± SD:12.90 ± 2.26). The PDS and NEO-FFI questionnaires were administered in Chinese, whose validity and reliability were verified by prior studies with native Chinese subjects (Wang et al., [@B73]; Zhu and Chen, [@B84]). The study was approved by the Local Review Board for Human Participant Research and written informed consent was obtained prior to the study from all adults, and from parents/legal guardians to adolescents. The experimental procedure was in accordance with the ethical principles of the 1964 Declaration of Helsinki (World Medical Organization, [@B85]).

Materials
---------

The present study used a two-choice oddball task which consisted of four blocks of 100 trials. Each block included 70 standard and 30 deviant (grouped into three emotion conditions) pictures. All deviant pictures were taken from the Chinese adapted version of International Affective Picture System (Chinese Affective Picture System; Bai et al., [@B1]). A natural scene of a cup served as the frequent standard picture and 30 pictures grouped as either HN, MN, or Neutral served as the deviants. As prior findings showed that human brains are resistant to habituation to negative stimuli (Carretie et al., [@B10]), we repeated the presentation of all the pictures in the first block for once, to increase the number of trials for each condition. The pictures covered a variety of contents, such as highly unpleasant, mildly unpleasant, or neutral animals (e.g., snakes, bugs, or eagles), natural scenes (e.g., fire disaster, flood, clouds), and human activity (e.g., homicide, violence, or sports), but did not include single faces. The stimulus presentation was randomized across conditions.

The validity of the three picture sets to serve as highly negative, mildly negative, and neutral stimuli was verified by our prior study (Yuan et al., [@B79]). The stimulus reassessment with another sample of young adults (*n* = 31) showed that the three sets of deviant pictures differed significantly in valence from one another \[*F*~(2,\ 87)~ = 357.9, *p* \< 0.001\]. Specifically, HN pictures were more unpleasant than MN pictures (*p* \< 0.001) which, in turn, were unpleasant compared with the Neutral pictures (*p* \< 0.001). Also, the three sets of pictures differed significantly in arousal \[*F*~(2,\ 87)~ = 88.13, *p* \< 0.001\]. HN pictures were more arousing relative to MN pictures (*p* \< 0.001) which, again, possess greater arousal than Neutral pictures (*p* \< 0.001; see Figure [1](#F1){ref-type="fig"}). Contrast and luminance levels of the pictures were also controlled. All the pictures were identical in size and resolution (15 × 10 cm, 100 pixels per inch).

![**Left:** Schematic illustration of the behavioral procedure and the picture examples; **Right:** The scatterplot for the valence and arousal for HN, MN, and Neutral pictures.](fnbeh-09-00098-g0001){#F1}

Procedure
---------

Subjects were seated in front of a monitor, about 150 cm from the screen, with the horizontal and vertical visual angles below 6°. To prevent fatigue, participants were allowed to take a 2-min break after each block. Stimuli were presented using E-Prime version 1.1 (Psychological Software Tools, Pittsburgh, PA). In each trial (see Figure [1](#F1){ref-type="fig"}), a 300 ms fixation cross was presented, which was followed by a blank screen whose duration varied randomly for 500--1500 ms. Then, a stimulus picture appeared on the screen. Subjects were instructed to press the "F" key on the keyboard with their left index finger as accurately and quickly as possible if the standard picture appeared, and to press the "J" key with their right index finger if the deviant picture appeared. The stimulus picture was terminated by a key pressing, or was terminated when it elapsed for 1000 ms. Therefore; each subject was informed that their responses must be made under 1000 ms. Each response was followed by 1000 ms of a blank screen. A practice session with 10 trials was used before the experiment to familiarize subjects with the procedure. The standard picture in the practice was the same as that in the experiment whereas the deviants for practice were neutral pictures that were not selected for the experiment. All subjects achieved 100% accuracy in practice trials.

Electrophysiological recording and data reduction
-------------------------------------------------

The EEG was recorded from 64 scalp sites using tin electrodes mounted in an elastic cap (Brain Product, Munchen, Germany), with the average references on the left and right mastoids for offline ERP computation (average mastoid reference; Luck, [@B45]) and a ground electrode on the medial frontal aspect. The vertical electrooculograms (EOGs) were recorded supra- and infra-orbitally at the left eye. The horizontal EOG was recorded from the left vs. right orbital rim. The EEG and EOG were amplified using a recording bandpass of 0.01--100 Hz (FIR filter) at a sampling rate of 500 Hz. Data acquisition was not started until all impedance values were below 5 kΩ.

Averaging of ERPs was computed off-line using the Vision Analyzer software developed by the Brain Products Company (Munich, Germany). EEG was band-pass filtered from 0.1 to 24 Hz for offline analysis. EOG artifacts (blinks and eye movements) were corrected using the eye movement correction algorithm recommended by Gratton et al. ([@B28]). Artifact-free EEG segments to trials with correct responses were averaged separately for each condition in adolescent and adult samples, respectively. The averaging epoch was 1000 ms, including a 200 ms pre-stimulus baseline. Trials with EOG artifacts (mean EOG voltage exceeding ±100 μV) and those contaminated with artifacts due to amplifier clipping, peak-to-peak deflection exceeding ±100 μV were excluded from averaging. The rejected trials were rare. There were 36.85 trials for HN, 36.40 trials for MN, and 35.85 trials for Neutral condition in adults, and there were 37.55 trials for HN, 37.25 trials for MN, and 38.05 trials for Neutral trials in adolescents. The number of trials used for ERP averaging was similar across the three conditions \[*F*~(2,\ 76)~ = 0.42, ns\], and the two samples \[*F*~(1,\ 38)~ = 0.84, ns\].

Statistical analyses
--------------------

The averaged ERPs and topographical maps (see Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}) showed that the amplitude differences across the three conditions started at about 100 ms post stimulus. Prominent N1 (100--150 ms), P2 (130--190 ms), and N2 (210--290 ms) components were elicited at the central and frontal sites, consistent with the scalp distributions reported by abundant ERP studies using affective pictures (Carretié et al., [@B12]; Huang and Luo, [@B35]; Yuan et al., [@B82]). Thus, we selected the following nine electrodes for analyses of the N1, P2, and N2 components: Frontal (F3, Fz, F4), Frontal-central (FC3, FCz, and FC4), Central (C3, Cz, C4) sites. In addition, there was a prominent P3 (360--440 ms) whose amplitudes were distributed broadly across both anterior and posterior regions (Figure [2](#F2){ref-type="fig"}). Because P3 had no obvious peaks at central and more posterior sites, we measured the mean amplitudes of P3 (360--440 ms) at the following 12 sites: F3, Fz, F4 (frontal), FC3, FCz, C3 (frontocentral), C3, Cz, C4 (central), and centroparietal (CP3, CPz, and CP4) sites. Accordingly, a repeated measures Analysis of Variance (ANOVA) was conducted on the peak amplitudes (defined by mean amplitudes ± 4 ms around the peak) and peak latencies of N1, P2, and N2; and the mean amplitudes of P3 component, with Emotion (HN, MN, and Neutral), frontality \[three levels (F, FC, C) for N1, P2, and N2; four levels (F, FC, C, and CP) for P3\] and laterality (three levels: left, midline, and right) as repeated factors while age (adolescents, adults) as a between-subjects factor. Moreover, as prior studies indicated that attention bias for affective stimuli is also reflected by an EPN in bilateral parietooccipital sites (Schupp et al., [@B62]; Schacht and Sommer, [@B60]), we analyzed the mean amplitudes of EPN (210--290 ms) at the following sites: P3/P4, PO3/PO4, P5/P6, and O1/O2; to test the age-related emotion effects at posterior scalp region. A repeated measures ANOVA was conducted, with Emotion (three levels), Laterality (left, right) as within-subject factor and age as a between-subjects factor. Lastly, occipital C1 (50--100 ms) was measured and analyzed at Oz, O1, O2, POz, PO3, and PO4, to determine whether the early visual encoding was modulated by emotion and age factors. The degrees of freedom of the F-ratio were corrected for violation of spherical assumption according to the Greenhouse--Geisser method. Bonferroni--Holm method was used for *post hoc* comparisons if significant main or interaction effects were found.

![**Averaged ERPs elicited by HN (solid lines), MN (dotted lines), Neutral (dashed lines) stimuli in adolescents (bold lines) and adults (thin lines) at F3, Fz, F4 (frontal); FC3, FCz, FC4 (frontocentral); C3, Cz, C4 (central); CP3, CPz, CP4 (centroparietal), and PO3, Oz, PO4 (parietal-occipital) sites**.](fnbeh-09-00098-g0002){#F2}

![**HN--Neutral difference ERPs at FCz, and the topographical distributions of the voltage amplitudes of HN--Neutral difference ERPs in N1 (100--150 ms), P2(130--190 ms), and N2/EPN(210--290 ms) time interval in adolescents (top panel) and adults (bottom panel)**.](fnbeh-09-00098-g0003){#F3}

Results {#s3}
=======

Behavioral data
---------------

Response accuracy (ACC) reached a ceiling effect, regardless of stimulus category and group manipulations (Macc = 98.5%). As our pre-test showed violation of normal distribution in the RT data of some subjects, we used trimmed mean (the top and bottom 10% trimmed while the rest 80% for averaging) for a repeated measures ANOVA with group (two levels: adolescents and adults) × Emotion (three levels: HN, MN, and Neutral) as factors. The results showed neither significant main effects of age \[*F*~(1,\ 38)~ = 0.08, ns\] and emotion \[*F*~(2,\ 76)~ = 1.60; *p* = 0.21\], nor a significant age by emotion interaction \[*F*~(2,\ 76)~ = 1.85; *p* = 0.16; see Supplementary Material [1](#SM1){ref-type="supplementary-material"}\].

ERP data
--------

### Occipital C1 (60--100 ms)

There was no significant effect detected in the analysis of C1 latencies. The analysis of C1 amplitudes showed a significant main effect of age \[*F*~(1,\ 38)~ = 23.58, *p* \< 0.001; η^2^~*p*~ = 0.38\], with adolescents exhibiting larger amplitudes compared to adults (see Figure [2](#F2){ref-type="fig"}). In addition, there was a significant main effect of electrode location \[*F*~(5,\ 190)~ = 9.31, *p* \< 0.001; η^2^~*p*~ = 0.20\]. The amplitudes were larger at Oz compared to other sites (*p~s~* \< 0.001). No other significant effects were detected in the analysis of this component.

### Anterior N1 (100--150 ms)

The analysis of N1 amplitudes showed a significant main effect of frontality \[*F*~(2,\ 76)~ = 32.19, *p* \< 0.001; η^2^~*p*~ = 0.46\], with the amplitudes more pronounced at frontal in comparison with central (*p* \< 0.001) and centrofrontal (*p* \< 0.001) regions. In addition, we observed a significant main effect of age \[*F*~(1,\ 76)~ = 14.54, *p* \< 0.001; η^2^~*p*~ = 0.28\], and a significant age by emotion interaction \[*F*~(2,\ 76)~ = 7.57, *p* \< 0.001; η^2^~*p*~ = 0.17\]. The breakdown of this interaction showed a significant emotion effect in adolescents \[*F*~(2,\ 38)~ = 6.79, *p* = 0.003; η^2^~*p*~ = 0.26\] but not in adults \[*F*~(2,\ 38)~ = 1.71, *p* = 0.20\]. Adolescents exhibited larger amplitudes for HN (*p* = 0.01) and MN (*p* = 0.01) stimuli compared to neutral stimuli; while the amplitude differences between HN and MN stimuli were not significantly different (*p* = 0.68; Table [1](#T1){ref-type="table"}). The analysis of N1 latencies showed significant main effects of age \[*F*~(1,\ 38)~ = 4.14, *p* = 0.049; η^2^~*p*~ = 0.10\] and laterality \[*F*~(2,\ 76)~ = 9.72, *p* = 0.001; η^2^~*p*~ = 0.20\]. Adolescents (123 ms) elicited longer peak latencies than adults (115 ms); while the right (122 ms) sites recorded longer latencies than the midline (118 ms; *p* \< 0.001) and left (118 ms; *p* = 0.006) sites.

###### 

**The breakdown of the age and emotion interaction by the mean amplitude values (μV) per condition and age group**.

            **Adolescents**   **Adults**                                             
  --------- ----------------- ------------ -------- -------- ------- ------ -------- -------
  HN        −9.78             −4.73        −20.81   −16.01   −3.62   2.50   −10.14   −9.42
  MN        −10.03            −3.97        −18.57   −14.12   −3.98   3.30   −8.81    −8.26
  Neutral   −7.99             −2.44        −16.83   −12.98   −4.58   2.18   −9.11    −8.11

### Anterior P2 (130--190 ms)

Central sites recorded larger amplitudes than frontal sites, shown by a significant main effect of frontality \[*F*~(2,\ 76)~ = 4.40, *p* = 0.037; η^2^~*p*~ = 0.10\]. Adults exhibited larger amplitudes compared to adolescents \[*F*~(1,\ 38)~ = 15.18, *p* \< 0.001; η^2^~*p*~ = 0.29\]. There was a significant age by emotion interaction on the P2 amplitudes \[*F*~(2,\ 76)~ = 4.99, *p* = 0.01; η^2^~*p*~ = 0.12\].

To break down this interaction, we analyzed the emotion effect in adults and adolescents, respectively. The results showed a significant emotion effect in adolescents \[*F*~(2,\ 38)~ = 4.84, *p* = 0.017; η^2^~*p*~ = 0.20\], with the amplitudes smaller for HN (*p* = 0.032) and MN (*p* = 0.039) compared to neutral stimuli (see Table [1](#T1){ref-type="table"} and Figure [3](#F3){ref-type="fig"}). In contrast, the emotion effect was not significant in adults \[*F*~(2,\ 38)~ = 1.85, *p* = 0.18\]. The analysis of the latencies showed no other effects except for a significant frontality, laterality and emotion interaction \[*F*(8, 304) = 3.24; *p* = 0.009; η^2^~*p*~ = 0.08\]. The breakdown of this interaction showed shorter peak latencies during HN compared to MN and neutral conditions at frontal, frontocentral, and right-central \[*F*~(2,\ 76)min~ = 5.26, *p*~max~ = 0.009\] but not at midline and left central sites \[*F*~(2,\ 76)max~ = 2.47, *p* \> 0.09\].

### Anterior N2 (210--290 ms)

Frontal sites (−14.41 μV) elicited larger amplitudes than central sites (−11.49 μV) and this effect was most pronounced at the midline location, indicated by a significant frontality effect \[*F*~(2,\ 76)~ = 22.52, *p* \< 0.001; η^2^~*p*~ = 0.37\] and a frontality and laterality interaction \[*F*~(4,\ 152)~ = 3.80, *p* = 0.008; η^2^~*p*~ = 0.09\]. In addition, adolescents exhibited larger amplitudes than adults \[*F*~(1,\ 38)~ = 13.29, *p* = 0.001; η^2^~*p*~ = 0.26\]. This effect was more pronounced at frontal (−19.60 μV vs. −9.22 μV; *p* \< 0.001) relative to central sites (−14.37 vs. −8.60 μV; *p* = 0.01), indicated by a significant frontality and age interaction \[*F*~(2,\ 76)~ = 12.94, *p* \< 0.001; η^2^~*p*~ = 0.25\]. More importantly, there was a significant main effect of emotion \[*F*~(2,\ 76)~ = 12.91, *p* \< 0.001; η^2^~*p*~ = 0.25\], and a significant emotion, age and frontality interaction \[*F*~(4,\ 152)~ = 3.72, *p* = 0.02; η^2^~*p*~ = 0.09\].

To break down this Three-Way interaction, we tested the emotion and age interaction at frontal, frontocentral, and central regions, respectively. The results showed a significant Age by emotion interaction at frontal \[*F*~(2,\ 76)~ = 5.15, *p* = 0.009; η^2^~*p*~ = 0.12\], frontocentral \[*F*~(2,\ 76)~ = 3.66, *p* = 0.03; η^2^~*p*~ = 0.09\], but not in the central region \[*F*~(2,\ 76)~ = 1.60, *p* = 0.20\]. Therefore, we decomposed the emotion by age interaction at frontal and frontocentral sites. The simple effect analysis at this region showed a significant emotion effect in adolescents \[*F*~(2,\ 38)~ = 11.69, *p* \< 0.001; η^2^~*p*~ = 0.38; Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}\]. Adolescents showed larger amplitudes during HN relative to MN (*p* = 0.014) and neutral (*p* \< 0.001) conditions. Also, adolescents showed more pronounced frontal amplitudes during MN compared to neutral conditions (*p* = 0.026). By contrast, the emotion effect was statistically non-significant in adults \[*F*~(2,\ 76)~ = 2.99, *p* = 0.064\]. Additionally, the lack of an age and emotion interaction in central sites was due to larger amplitudes during HN, but not MN, compared to Neutral conditions in both adolescents \[*F*~(2,\ 38)~ = 7.41, *p* = 0.002; η^2^~*p*~ = 0.28\] and adults \[*F*~(2,\ 38)~ = 3.49, *p* = 0.042; η^2^~*p*~ = 0.16; Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}\].

![**MN--Neutral difference ERPs at FCz, and the topographical distributions of the voltage amplitudes of MN--Neutral difference ERPs in the 210--290 ms time interval in adolescents (top panel) and adults (bottom panel)**.](fnbeh-09-00098-g0004){#F4}

![**The scatterplot for the breakdown of the age and emotion interaction in the amplitudes of each component**.](fnbeh-09-00098-g0005){#F5}

As previous studies showed that sex modulated emotional effects in N200 component (Campanella et al., [@B7]; Yuan et al., [@B78]), we further conducted an analysis of covariance (ANCOVA) with sex as a covariate, to test whether the above results were reliable after controlling the possible impact of sex. The results showed a significant emotion and Age interaction \[*F*~(2,\ 74)~ = 3.56, *p* = 0.034; η^2^~*p*~ = 0.09\], and an emotion, Age, and frontality interaction \[*F*~(4,\ 150)~ = 3.70, *p* = 0.021; η^2^~*p*~ = 0.09\] after controlling the potential influence of sex. The analysis of N2 latencies showed no other effects except for a significant frontality by Age interaction \[*F*~(2,\ 76)~ = 6.98, *p* = 0.007; η^2^~*p*~ = 0.16\]. Adolescents showed a trend of prolonged peak latencies relative to adults in frontal (*p* = 0.06), but not other regions (all *p* \> 0.20).

### EPN (210--290 ms)

The analysis of EPN amplitudes showed no significant main effect of emotion \[*F*~(2,\ 76)~ = 2.65, *p* = 0.081\], or significant emotion by age interaction\[*F*~(2,\ 76)~ = 1.97, *p* = 0.15\]. Thus, the age effect in N200 responding for negative pictures was localized to frontal and frontocentral regions.

### P3 (330--440 ms)

The amplitudes were larger at parietal compared to central and frontal sites \[*F*~(3,\ 114)~ = 104.24, *p* \< 0.001; η^2^~*p*~ = 0.73\], and were larger at midline and right compared to left sites \[*F*~(2,\ 76)~ = 10.49, *p* \< 0.001; η^2^~*p*~ = 0.22\]. Adults elicited larger amplitudes than adolescents in frontal, frontocentral and central \[*F*~(1,\ 38)min~ = 6.28, *p*~max~ = 0.017\] but not in centroparietal \[*F*~(1,\ 38)~ \< 1, ns\] regions, shown by a significant age and frontality interaction \[*F*~(3,\ 114)~ = 28.57, *p* \< 0.001; η^2^~*p*~ = 0.43\]. There was a significant emotion and frontality interaction \[*F*~(6,\ 228)~ = 6.28, *p* = 0.001; η^2^~*p*~ = 0.14\], with a significant emotion effect observed at frontal, frontocentral, and central \[*F*~(2,\ 76)min~ = 3.77, *p*~max~ = 0.032\] but not centroparietal \[*F*~(2,\ 76)~ = 1.79, *p* = 0.18\] regions. In central-to-frontal regions, HN stimuli elicited smaller amplitudes than neutral stimuli \[*F*~(1,\ 38)~ = 9.56, *p* = 0.008; η^2^~*p*~ = 0.20\], regardless of age; while the amplitude differences for MN and neutral stimuli were not significant \[*F*~(1,\ 38)~ \< 0.1, ns\]. The age and emotion interaction was not significant \[*F*~(2,\ 76)~ \< 0.3, ns\].

### The timing of the emotion effects in different samples

Summarizing the above results leaves an impression that the emotional ERP effects for HN stimuli occurred earlier in adolescents (from N1) relative to adults (from N2). To verify this impression, we directly tested the timing effect by conducting an additional ANOVA with emotion (two levels: HN and Neutral), timing (three levels: N1, P2, and N2) as repeated factors and Age as a between-subject factor. We focused this analysis on the central sites (C3, Cz, and C4) because both samples showed emotion effects in this region. The results showed a significant main effect of emotion \[*F*~(1,\ 38)~ = 12.70, *p* = 0.001; η^2^~*p*~ = 0.25\] and a significant interaction effect between age and emotion \[*F*~(1,\ 38)~ = 10.81, *p* = 0.002; η^2^~*p*~ = 0.22\] which, in turn, interacted significantly with timing \[*F*~(2,\ 76)~ = 5.75, *p* = 0.008; η^2^~*p*~ = 0.13\]. The simple effect analysis showed a significant timing and emotion interaction in adults \[*F*~(2,\ 38)~ = 8.07, *p* = 0.002; η^2^~*p*~ = 0.30\] but not in adolescents \[*F*~(2,\ 38)~ = 1.18, *p* = 0.30\]. Adults showed a significant emotion effect for HN stimuli in N2 \[*F*~(1,\ 19)~ = 5.32, *p* = 0.032; η^2^~*p*~ = 0.22\] but not in N1 \[*F*~(1,\ 19)~ = 3.02, *p* = 0.10\] and P2 \[*F*~(1,\ 19)~ = 0.31, ns\] amplitudes. By contrast, adolescents showed a significant emotion effect for HN stimuli in both N1 \[*F*~(1,\ 19)~ = 7.72, *p* = 0.012; η^2^~*p*~ = 0.29\], P2 \[*F*~(1,\ 19)~ = 6.06, *p* = 0.024; η^2^~*p*~ = 0.24\], and N2 \[*F*~(1,\ 19)~ = 16.00, *p* = 0.001; η^2^~*p*~ = 0.46\] amplitudes. These results verified that the emotion effect occurred earlier in adolescents compared to adults. Also, to further test the reliability of the faster timing of adolescents vs. adults to react to negative stimuli, we continuously measured and analyzed the mean amplitudes of each 50 ms epoch from stimulus onset to 500 ms post stimulus. The results further supported the above timing effect (see Supplementary Material [2](#SM1){ref-type="supplementary-material"}).

Discussion {#s4}
==========

The present study observed significant age by emotion interaction effects in the amplitudes of N1, P2, and N2 amplitudes. Adolescents exhibited significant emotion effects for both HN and MN stimuli in N1 (100--150 ms), P2(130--190 ms), and N2 (210--290 ms) components. By contrast, adults exhibited no other emotion effects in these components except for enhanced N2 amplitudes for HN compared to neutral stimuli in central sites. These results suggest that adolescents are equipped with enhanced brain susceptibility to emotionally negative scenes compared to adults.

Overall, adolescents showed greater C1 amplitudes, and also more pronounced negative deflections across N1, P2, N2, and P3 components in comparison with adults, regardless of whether the stimulus is emotional or neutral (see Figures [2](#F2){ref-type="fig"}, [6](#F6){ref-type="fig"}). Also, adolescents showed significantly delayed peak latencies in N1 and a trend of delayed latencies in N2 component compared to adults. The early components like C1 and N1 were thought to reflect basic visual processing (Pourtois et al., [@B55]). There is a recent review showing that the basic visual functions of children, for example, visual acuity and spatial vision, are not fully mature until mid-teenage (Leat et al., [@B40]). Thus, the adolescent subjects in our study (age 13--14 years) may be not fully mature in basic visual functions, which in turn led to larger C1 and N1 amplitudes during early visual processing. Also, these findings were consistent with a number of child development studies showing reduced ERP amplitudes with age in multiple tasks, such as smaller frontal N2 in AX-CPT (Jonkman, [@B38]) and Go/nogo (Lewis et al., [@B42]) tasks, and smaller P1 and N170 in repetition detection tasks (Itier and Taylor, [@B36]; Taylor et al., [@B69]). This is most likely due to the more developed executive function, such as attention maintenance and focusing on task-related processing (Jonkman, [@B38]; Lewis et al., [@B42]) in adults relative to adolescents. These attention differences across age should have been more convincing, if the current study had synchronized ERP data with an eye-tracking assessment. In addition, adolescence development is linked with continued head growth and increases in skull density and thickness (Knott et al., [@B39]; Segalowitz et al., [@B63]), which may also contribute to smaller ERP amplitudes for neutral stimuli in adults relative to adolescents.

![**Topographical maps of the voltage amplitudes elicited by neutral stimuli in the N1 (100--150 ms), P2 (130--190 ms), N2/EPN (210--290 ms), and P3 (360--440 ms) time intervals**.](fnbeh-09-00098-g0006){#F6}

In the present study, occipital C1 activity was not influenced by emotion, suggesting that early visual encoding of the pictures was not influenced by emotional information during the current task. Prior studies have suggested that the central presentation of emotional visual stimuli may cancel out the emotion effect in C1 amplitudes, which was however reliably observed during lateral presentation of salient stimuli (Pourtois et al., [@B55]; Stolarova et al., [@B68]). The present study presented emotional pictures in the center of the screen, without manipulation of spatial locations of the pictures. This possibly explains why we did not observe emotion-related C1 modulation in the first 100 ms post stimulus.

We observed a significant age by emotion interaction on the N1 amplitudes 100--150 ms post stimulus onset. Adolescents exhibited larger negative amplitudes for HN and MN stimuli in comparison with neutral stimuli; while adults did not show significant emotion effects for both stimulus sets. Previous studies using adult samples indicated that the frontal N1 amplitudes for negative stimuli was modulated by attention focus: while N1 amplitudes were clearly differentiated between fearful and neutral faces when attention was focused on faces (Holmes et al., [@B33]; Pourtois et al., [@B55]), this emotional effect was completely eliminated when attention was diverted away from the faces (Holmes et al., [@B33]). Furthermore, this early emotion effect was considered to be mediated by amygdala activity (Holmes et al., [@B33]; Rotshtein et al., [@B58]). It is worth noting that we used a non-emotional distracting task that diverts subjects\' attention away from the emotionality of pictures. This probably explains why we did not observe a significant emotion effect in the adult sample, consistent with the results by Holmes et al. ([@B33]). Nevertheless, adolescents showed a significant emotion effect for both HN and MN stimuli, despite involvement in the distracting task. It was indicated that adolescence is associated with the immature prefrontal control system and the relative maturity of subcortical systems (Giedd et al., [@B26]; Sowell et al., [@B66]; Somerville et al., [@B64]). Consequently, the amygdala signaling should be stronger in response to salient stimuli in adolescents compared to adults, which may explain the pronounced early N1 effect for both HN and MN negative stimuli in adolescents but not in adults.

There was a P2 component peaking approximately 160 ms after stimulus onset whose activity was distributed across frontal and central sites. The analysis of the P2 amplitudes displayed a significant emotion effect for both HN and MN stimuli in adolescents but not in adults. It has been suggested that frontal P2 is linked with exogenous, stimulus-driven attention (Carretié et al., [@B11]), and its amplitudes are enhanced with greater attention to salient stimuli (Carretié et al., [@B12]). The activation of this component is considered indicative of rapid detection of salient stimulus features (Thorpe et al., [@B71]; Yuan et al., [@B82]). Therefore, this finding suggests that adolescents detect emotional negativity of HN and MN stimuli rapidly, within 200 ms post stimulus, where information processing was considered to occur automatically, inaccessible to conscious and controlled processing resources (Thorpe et al., [@B71]; Huang and Luo, [@B35]; Del Cul et al., [@B20]). However, adult sample did not show biased processing of negative stimuli at this early stage. These results were consistent with a recent functional MRI study showing greater paralimbic activation and enhanced emotional reactivity to emotionally salient faces in adolescents compared to adults during a non-emotional task (Passarotti et al., [@B53]). Also, there was recent evidence showing reduced P2 amplitudes with enhanced emotional control skills, as measured by social skills inventory (Meaux et al., [@B48]). In this regard, the current finding of a significant P2 amplitude effect in adolescents but not in adults also implies that adolescents may be less skillful than adults in reaction to negative stimuli. Future studies need to directly test whether adolescents are less capable of regulating unpleasant emotion compared to adults, by using an emotional regulation task.

In the 210--290 ms interval, there was a prominent N2 whose amplitudes were largest at frontal sites, fitting the archetype of the visual N2b that has been considered to represent voluntary attention orienting to deviant stimuli, with initial access to conscious processing resources (Daffner et al., [@B16]). In this time interval adolescents exhibited significant emotion effects for HN stimuli across frontal and central regions, while adults showed an emotion effect for HN stimuli only in the central region. This suggests that the emotion effect for HN stimuli in this time window is more robust, with broader scalp distributions in adolescents relative to adults (see Figure [3](#F3){ref-type="fig"}). In addition, while MN stimuli elicited a significant emotion effect at frontal sites in adolescents, adults did not exhibit any emotion effect for MN stimuli (see Figure [4](#F4){ref-type="fig"}). These results suggest that adolescents are more sensitive to negative scenes than adults, such that adolescents, but not adults, directed enhanced voluntary attention to MN stimuli than to neutral stimuli, though the emotional saliency of MN stimuli is compromised relative to that of HN stimuli. This result, together with relevant findings from N1 and P2 analyses, jointly suggest that adolescent brains are indeed more sensitive to negative stimuli than adults, such that adolescents elicited significant emotional reactivity across N1, P2, and N2 stages despite weak negative stimulations. These results were consistent with the timing analysis which yielded a significantly faster emotion effect in brain potentials in adolescents relative to adults. Thus, adolescents\' enhanced susceptibility to negative stimuli is not only manifested by the adolescents-specific emotion effect for MN stimuli in N1, P2, and N2 components, but is also reflected by the broader scalp activations during HN stimuli in the 210--290 ms and the faster elicitation of emotion effect in adolescent relative to adult samples.

It is worth noting that the analysis of P3 amplitudes yielded a significant emotion effect while the age by emotion interaction was non-significant. HN stimuli, rather than MN stimuli, elicited smaller amplitudes than neutral stimuli in both adolescents and adults. This was in contrast with the results from N1, P2 and N2 components, where adolescents exhibited more robust emotion effects than adults. As stated above, N1 and P2 represent early sensory and perceptual processing (Holmes et al., [@B33]; Pourtois et al., [@B55]; Carretié et al., [@B11]); while visual-evoked N2 reflects voluntary attention orienting to salient stimuli with initial access to conscious processing resources (Daffner et al., [@B16]; Del Cul et al., [@B20]). By contrast, parietal P3 component involves elaborated cognitive processing of stimulus meanings, with full access to consciously controlled processing resources (Ito et al., [@B37]; Huang and Luo, [@B35]). Though the early perceptual processing of negative stimuli and the attention orienting to these stimuli are enhanced in adolescents than in adults, the two groups showed similar patterns of emotional effects in P3 stage. This is likely due to the recruitment of a similar top-down controlled processing across samples, i.e., similar inhibition of task-irrelevant emotional meanings to focus on the task of standard/deviant distinction (Yuan et al., [@B81]; Yang et al., [@B77]). This assumption was supported by our behavioral data showing no significant age differences in both response time and accuracy. Also, this inhibitory explanation was supported by the less pronounced P3 amplitudes for HN compared to neutral pictures in both samples, as prior studies of cognitive control consistently showed smaller P3 amplitudes during inhibition of task-irrelevant distracting information (Liotti et al., [@B44]; Chen et al., [@B13]; Yuan et al., [@B80]).

Previous studies have indicated that there is a maturity imbalance between prefrontal cortex and subcortical limbic regions during adolescence. It was reported that adolescence is characterized by immature prefrontal function and relatively matured subcortical structures (Giedd et al., [@B26]; Sowell et al., [@B66]), and that higher-order prefrontal areas undergo protracted pruning of gray matter through adolescence to early adulthood (Giedd et al., [@B26]; Somerville et al., [@B64]). This may enable stronger signaling of subcortical system (e.g., amygdala) paired with weaker top-down control signaling from neocortices in adolescents than in adults, whose subcortical and cortical systems have both matured and their interactive functioning has reached a balance (Somerville et al., [@B64]). This most likely accounts for the robust early emotion effects for negative stimuli in adolescents but not in adults, as indicated by the N1 and P2 analysis. On the other hand, it has been established that N2 activity elicited by visual deviant stimuli is mediated by anterior cingulated cortex (ACC; Nieuwenhuis et al., [@B52]; Carretié et al., [@B9]), whose activation is positively associated with negative mood induction in healthy subjects (Mayberg et al., [@B47]). It has been reported that adolescents are linked with enhanced ACC activations in response to fearful faces in comparison with adults (Monk et al., [@B50]), and that ACC has increasing functional connectivity with amygdala during depression (Connolly et al., [@B15]). These evidences offer an explanation why adolescents showed more pronounced emotion effects for negative pictures in N2 amplitudes than adults, regardless of emotion intensity.

In summary, using ERP technique, the present study observed enhanced brain susceptibility to emotionally negative stimuli in adolescents compared to adults. This enhanced susceptibility was manifested by the greater emotional effects for negative stimuli in adolescents compared to adults, regardless of the valence strength, in the amplitudes of N1, P2, and N2 components. This difference is possibly due to the oversignaling of limbic system (e.g., Amygdala, ACC) as a result of less modulatory signaling from prefrontal system during adolescence compared to adulthood. These findings contribute to the understanding of adolescents\' susceptibility to affective and behavioral disturbances, such as depression, anxiety disorders, and aggression (Hankin et al., [@B30]; Rudolph, [@B59]).

However, several limitations need to be overtly acknowledged. Firstly, the current study used native neuroticism scale to assess emotional stability of adults (Wang et al., [@B73]) but, as the validity of this scale for adolescents has not been verified, a self and parent report method was used to assess emotional stability for adolescents. Though both samples were verified emotionally stable, this approach does not allow us to directly compare emotional stability of two samples. In this regard, future studies should aim at developing a unified scale suitable for assessing emotional stability of both adults and adolescents. Secondly, the current study did not use social skills inventory (Riggio, [@B57]; Meaux et al., [@B48]) to overtly assess the endogenous trait of emotional susceptibility for the two samples, which should have reinforced our ERP findings if there were indeed higher self-reported emotional susceptibility scores in adolescents than adults. Future studies need to directly assess this trait, for examining the correlation between neurophysiologic and behavioral indexes of emotional susceptibility. Thirdly, due to the limited spatial resolution of ERP technique, the current study provided no direct evidence for oversignaling of limbic system and less activation of prefrontal system in adolescents compared to adults. Future studies need to employ a suitable technique like MEG, to directly address the neural origins of the current findings.
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